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ABSTRACT 
Silicon, glass, and ceramic are commonly used base substrates for gold (Au) 
deposition on label-free DNA biosensors. This study aimed to investigate the 
suitability of applying flame retardant 4 (FR4) as a base substrate and 
polydimethylsiloxane (PDMS) as a coating substrate. A thermal evaporator 
was used to fabricate copper/nickel/Au metals and ensure even deposition of 
Au throughout FR4. UV exposure soft lithography and wet etching were 
applied to develop a three-electrode pattern on the metals fabricated on FR4. 
A simple and straightforward technique on PDMS–FR4 bonding was proved to 
work at the shear strength of 55 kPa. A cyclic voltammetry (CV) method was 
performed using the fabricated FR4 sensor to analyze bare Au, DNA 
immobilization and hybridization. The FR4-based Au fabricated with PDMS 
acted as a coating layer between terminals and sensing electrodes, and can 
thus be used as a label-free DNA sensor.  
Keywords: flame retardant 4; polydimethylsiloxane; cyclic voltammetry; immobilization; 
hybridization.  
1. INTRODUCTION   
Silicon, glass, and ceramic are commonly used as base substrates for gold (Au) fabrication by 
immobilizing them with the thiol group at the 5′-end of probe DNAs (Cho & Pak, 2002; Choi, 
Lee & Park, 2005, 2006; Choi, Kwon & Lee, 2006; Lee & Lee, 2004). These substrates are 
biocompatible but are not readily available in the market and; thus, they are expensive. 
Silicon and glass are hard and brittle, which make them difficult to drill and dice. Moreover, 
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these materials require expensive equipment such as a deep reactive ion etching (DRIE) 
instrument and a diamond-coated cutter for dicing. 
The use of ceramic has been fully commercialized by DropSens® as seen in their model 
220AT screen-printed electrode biosensor products. However, DropSens® uses the screen 
printing technique for Au fabrication. This technique is costly because it requires liquid Au 
and covers a very limited area for fabrication. Thus, many commercialized screen-printed 
electrodes utilize different types of metal for sensing and terminal electrodes, namely, silver at 
the exposed terminal layer and Au at the sensing electrodes. The Material International 
Anneal Copper Standard in Metal Statistics (American Metal Market Company, 1920) states 
that silver conductivity is 105 percent, whereas Au conductivity is 70 percent. The Chemical 
Rubber Company (CRC) Handbook (Lide, 2003) lists the electrical resistivity of silver and 
Au at 15.87 nΩ.m and 22.14 n Ω.m, respectively. These different conductivity and resistivity 
data prove that correlating current measurements using different metals fabricated on the 
same electrode from the sensing chamber to the terminal layer is possible. A uniform 
deposition of Au throughout the entire conducting tracks, that is, from the sensing to the 
terminal layer, is important to distinguish any metal correlation in the current measurement 
for cyclic voltammetry (CV) analysis during DNA detection. 
Flame retardant 4 (FR4) is the most commonly used  printed circuit board (PCB) material. 
FR4 is also used for harvesting electromagnetic energy in body-worn sensors (Hatipoglu & 
Urey, 2010) or body implantable devices (US Patent No. 6,591, 138) because of its low 
Young’s modulus (15 GPa–20 GPa), which is 10 times lower than that of silicon (130 GPa–
188 GPa) (Hopcroft, Nix, & Kenny, 2010). 
Despite the progress in DNA label-free sensor fabrication, such as the development of 
microfluidic three-electrode cells (Chen, Lee & Chong, 2006; Oda, Sawada, Tsuchiya, Takao 
& Ishida, 2003; Triroj, Lapierre-Devlin, Kelley & Beresford, 2006); biosensor fabrication still 
relies on the use of silicon and glass as base substrates. Therefore, this work, was aimed to 
determine the suitability of non-biocompatible material, FR4, for Au deposition by using 
thermal evaporation and wet-etching. These methods are cost-effective and reliable for this 
purpose. Thermal evaporation is a common method used for metal deposition on silicon and 
glass. Wet etching is a reliable, simple, and cheap technique because it involves easily-
available chemical solutions compared with the dry etching technique, which requires 
complicated and expensive materials such as DRIE chemicals and hazardous gases. The 
outcome of this work was a DNA label-free biosensor deposited by Au throughout the entire 
tracks with FR4 as the base substrate. 
2. MATERIALS AND METHODS 
Two types of metal were used as adhesion layers in this work, namely, titanium (Ti) and 
copper (Cu). The use of Ti or chromium (Cr) as an adhesion layer for Au fabrication on FR4 
has been widely reported (Triroj et al., 2006; Choi et al., 2005, 2006; Cho & Pak, 2002). We 
also analyzed Cu to determine its suitability for Au fabrication. Cu is well known for its good 
adhesion with the FR4 substrate and has been widely used in the PCB industry. In all 
procedures, we used a 2 cm x 1.2 cm x 1.6 mm as the base material. All FR4 sheets were 
sequentially cleaned with acetone and isopropanol then dried with nitrogen gas. 
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2.1 Ti as an Adhesion Layer 
Figure 1 shows a fabricated FR4-based substrate with the thickness of 30 nm Ti as an 
adhesion layer. It is achieved using direct current (DC) sputtering (Auto 500: BOC Edwards) 
of 100 percent Argon (Ar), a radio frequency (RF) power at 210 W, a vacuum pressure at 5 x 
10-3 Torr for an exposure time of  2 min. Then, a thermal evaporator (Auto 306: Edwards UK) 
at 6.0 x 10-5 mbar and 68 A produced a 1 µm Au electrode layer as shown in Figure 2. The 
electrode layer was spin-coated for 15 s with a positive photoresist (PR1-1000A: Futurrex Inc, 
USA). A positive mask (Hapmax (M) Sdn. Bhd., Penang, Malaysia) was applied on the 
coating before the electrode layer was UV-exposed (OAI 150 Exposure Timer: Teltec HK) for 
45 s. The layer was then patterned by wet-etching of aqua regia, which is a mixture of nitric 
and hydrochloric acid in a volumetric ratio of 1:3. Similarly, the Ti layer was removed using a 
mixture of H2O, H2O2 and HF in a volumetric ratio of 20:1:1 and then dried in a nitrogen 
atmosphere.  
 
Figure 1: Ti that has been Sputtered on FR4-based Substrate. 
 
Figure 2: Au that has been Evaporated on Ti/FR4-based Substrate. 
2.2 Cu as an Adhesion Layer 
Cu is easily oxidized in an open-air environment. This behavior posed a big problem in the 
use of Cu as a base material. Therefore, acetic acid was used to eliminate the formation of an 
oxide layer before the fabrication of Au (Chavez & Hess, 2001).  
A thermal evaporator (Auto 306: Edwards UK) at 4.5 x 10-5 mbar and 60 A produced a 10 µm 
Cu layer. This layer was then immersed in acetic acid at 35 °C for 5 min–10 min until a shiny 
copper surface (no streaking or hazy residue) was observed. The samples were then dried with 
nitrogen.   
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A thermal evaporator (Auto 306: Edwards UK) at 6.0 x 10-5 mbar and 68 A produced 1 µm 
Au electrode layer. This layer was then spin-coated for 15 s with a positive photoresist (PR1-
1000A: Futurrex Inc, USA). A positive mask (Hapmax (M) Sdn. Bhd., Penang, Malaysia) 
was applied on the coating before the electrode layer was UV-exposed (OAI 150 Exposure 
Timer: Teltec HK) for 45 s. The layer was then patterned using wet-etching of aqua regia on a 
hot plate (35 °C), and was then dried in a nitrogen atmosphere.  
2.3 PDMS-FR4 Bonding Technique 
Four different design scales were produced on a positive mask by using AutoCAD 2002. 
These design scales had been patterned on the abovementioned Cu/Au layer fabricated on 
FR4. The areas of the designs were 0.26, 1.04, 4.16, and 6.50 mm2. PDMS (Dow Corning 
Sylgard 184) was mixed with a curing agent at a ratio of 10:1, and was then poured into a 
Petri dish containing a patterned square mold. PDMS was then placed in a vacuum box for 
24 h before it was peeled off from the Petri dish (Abd Manaf, Nakamura, & Matsumoto, 
2008). The PDMS relief was immersed in ethanol, sonicated for 5 min, and fully dried with 
nitrogen gas. A simple sealing process of PDMS as a coating layer onto the Au-fabricated 
glass sensor was described by Hamzah, Yu, Abd Manaf, Sidek and Chan (2010). A mixture of 
PDMS and curing agent with a ratio of 10:1 was spin-coated on an FR4 PCB and brought into 
contact with the prepared PDMS relief. The seal was then dried at room temperature (25 °C) 
for 6 h. Figure 3(a)–(c) demonstrate the detailed procedure. 
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Figure 3: Fabrication Procedure for PDMS-FR4 Adhesive Bonding. 
2.4 DNAs and Apparatuses 
The DNA capture probe modified by the thiol group at the 3′ end (5′-GGG GCA GAG CCT 
CAC AAC CT-(CH2)3-SH-3′) and its complementary DNA target (5′-AGG TTG TGA GGC 
TCT GCC CC-3′) were synthesized by Integrated DNA Technologies (Coralville, IA, USA). 
The thiol-modified DNA capture probe was treated with DTT and purified by elution through 
a NAP 10 column of Sephadex G-25 (Amersham Pharmacia Biotech, Uppsala, Sweden) 
before use. 
Potassium ferricyanide (K3Fe(CN)6) and potassium chloride (KCl) were procured from 
Sigma-Aldrich Sdn Bhd (Malaysia). Deionized water was used throughout the study. CV 
measurements and data were compiled using µAutolabIII (Metrohm, KM Utrecht, The 
Netherlands) and analyzed using the software package NOVA 1.4. The immobilized DNA 
probe on the Au electrode was confirmed by CV by using 10 mM K3Fe(CN)6 in 100 mM KCl 
solution. All CV experiments were performed at room temperature from -0.3 V to 0.3 V at 
100 mV/s. 
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2.5 DNA Capture Probe Immobilization and Hybridization 
The fabricated sensor was cleaned with deionized water and reversibly cycled in 0.05 M of 
sulphuric acid (H2SO4) from 0.00 V to 1.25 V at a scan rate of 0.1 V/s. Probe immobilization 
was performed by placing 20 µL of a 1 µM DNA capture probe solution onto the Au 
electrodes for 1.5 h. Phosphate buffer (0.03 M K2HPO4, 0.02 M KH2PO4 and 0.3 M KCl) was 
used to remove probes that were not absorbed. A CV measurement was used to confirm the 
immobilization step.  
DNA hybridization was performed by the drop wise addition of 20 μL of a 4 μM DNA target 
solution onto the same Au electrodes (used for DNA probe immobilization) for 1 h. A CV 
measurement was also performed to detect the hybridized target after washing with phosphate 
buffer. 
3. RESULTS AND DISCUSSION 
3.1 Ti/Au Fabricated on FR4 
We observed that Ti worked well on the FR4 surface. However, a major problem arose when 
we failed to remove the Ti/Au layer during the wet-etching process. Werbaneth, Lester and 
Pakulska (2007) also reported the unsuccessful removal of the Ti/Au seed layer by wet-
etching on a silicon substrate. Some parts of Ti/Au layer were removed only after the 
photoresist removal process. The removal of the Ti layer by wet-etching took a long time, and 
the connection test by a digital multimeter showed no continuity throughout the layer.      
3.2 Cu/Au Fabricated on FR4 
Chavez and Hess (2001) reported a method of copper oxide removal using acetic acid and this 
method has been implemented in this work. Original native Cu on FR4 has been immersed in 
acetic acid at 35°C for 5 to 10 minutes until a shiny copper surface without streaking or hazy 
residue was observed. Upon removal, the samples were dried with nitrogen. DI water rinse is 
not required since nitrogen drying produces a streak-free and shiny surface (Chavez & Hess, 
2001).  
3.3 Selection of Sensor Area 
The selection of the three-electrode fabricated sensor area was determined by the reversible 
redox-couple relationship described in Equation (1),  
  (1) 
where Ipa is the anodic peak current and Ipc is the cathodic peak current. The peak current 
ratio can be used to examine if the system undergoes an adsorption effect (Triroj et al., 2006). 
CV analysis was performed using µAutolabIII (Metrohm, KM Utrecht, The Netherlands) 
equipped with the software package NOVA 1.4. Table 1 summarizes the results of Ipa, Ipc, 
and the ratios of all these three-electrode areas. 
 
 1/ =IpcIpa
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Table 1: Peak Current Parameters for Fabricated Electrode. 
Electrode area, A Ipa (uA) Ipc (uA) Ratio of Ipa/Ipc 
0.26 mm2 10.3 8.2 1.3 
1.04 mm2 15.2 15.8 1.0 
4.16 mm2 25.2 27.5 0.9 
6.50 mm2 38.7 47.4 0.8 
 
A peak current ratio less than unity indicates a weak adsorption of the reactant (ferricyanide) 
(Wopschall & Shain, 1967) because of the decrease in electrode surface area. The weak 
adsorption of the reactant generally led to an enhanced cathodic peak current, whereas on the 
reverse scan, the weak adsorption led to a smaller increase in the anodic peak current. The 
reactant was difficult to reduce because of its significantly weak adsorption. The reduction 
occurred at a higher cathodic potential. Consequently, the cathodic peak increased. 
Peak current ratios became greater than unity when the anodic peak current was dramatically 
enhanced and when the cathodic peak current was slightly increased. Thus, the product 
(ferrocyanide) was weakly adsorbed onto the electrode (Wopschall & Shain, 1967).  
Table 1 shows that an area of 1.04 mm2 has a reversible redox-couple relationship ratio near 
unity. Hence, an area of 1.04 mm2 was used throughout our research as shown in Figure 4. 
However, the erosion produced at the counter electrode (CE) after it was used for a few 
minutes with the electrolyte affected the reliability of the sensor, as revealed in Figure 5. To 
overcome this problem, Brett and Brett (1993) stated that the surface area ratio of the CE to 
the working electrode (WE) should be larger than 10 to support sufficiently the current 
generated at the WE. Therefore, another sensor whose areas of the CE, WE, and the reference 
electrode were 6.25 mm2, 0.581 mm2, and 1.04 mm2, respectively, was designed as in Figure 
6. The ratio of the area of CE to WE was 10.8. The CV analysis of this sensor produced the 
following values: 5.76 μA (Ipa), 5.26 μA (Ipc), and 1.1 (ratio). 
 
Figure 4: A Complete Fabricated Sensor for the Area Size of 1.04 mm2. 
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Erosion produced at CE for 1.04 mm2 
Figure 5: Erosion Produced at CE Electrode for 1.04 mm2 Electrode Area Size for 2 mM  K3Fe(CN)6 Solution 
and 10 mM K3Fe(CN)6 Solution in 0.1 M KCl. 
 
Figure 6: A Close-up Photo on the Final Structure of PDMS-FR4 Adhesive Bonding.  
3.4 CV Analysis of Bare Au, DNA Immobilization, and Hybridization 
Figure 7 shows the CV data and measurement results of bare Au electrodes, DNA probe 
immobilization, and DNA hybridization for the sensor. The anodic peak current of the 
immobilized DNA (red curve) was less than that of bare Au (blue curve). The formation of a 
barrier via the Au-thiol bond that inhibited electron transfer (Steel, Levicky, Herne, & Tarlov, 
2000) resulted in a lower peak current. The anodic peak current of the hybridized DNA (green 
curve) was lower than that of the immobilized DNA because at this stage, double-stranded 
DNAs (dsDNA) were formed. The dsDNA was larger and formed a barrier to inhibit electron 
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transfer. As a result, dsDNA prevented the redox response of the bulk solution (potassium 
ferricyanide ions) after the immobilization or hybridization of DNA on the Au electrode 
surface (Choi et al., 2005).  
 
    Figure 7: CV Measurement for Bare Gold, DNA Immobilization and DNA Hybridization for Fabricated 
PDMS-FR4 Insulated Free Electrodes Sensor. 
4. CONCLUSION 
An adhesion layer of Cu, which was free from oxide formation, was compatible for adhesion 
with an FR4 surface and an Au layer through thermal evaporation, UV exposure soft 
lithography, and wet-etching techniques. Liquid PDMS with a pre-polymer-curing agent ratio 
of 10:1, which was dried at room temperature (25 °C) for 6 h, adhered well on the FR4 
surface. CV analysis performed on the fabricated FR4-based sensor revealed that an area of 
1.04 mm2 for all three electrodes produced a reversible redox-couple relationship ratio near 
unity. The area ratio of CE to WE was modified to obtain a reliable Au surface to be used 
with the ferricyanide redox reaction. A final FR4-based (evaporated with Cu/Au) sensor with 
CE, WE, and RE areas of 6.25, 0.581, and 1.04 mm2, respectively, was reliable for redox 
reaction, DNA immobilization, and DNA hybridization. Thus, an FR4-based substrate with a 
uniformly deposited Au layer was successfully fabricated using thermal evaporation, UV 
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